Abstract This work investigates the viability and outlines the current challenges in electrochemical quartz crystal nanobalance (EQCN) experiments on supported Pt catalysts. EQCN experiments involving Pt supported on 2-D "surface-treated graphite sputtered onto quartz crystal" (Pt/MFG-H) catalysts were compared to standard polycrystalline Pt (Pt poly ), which showed similarities in frequency versus potential trends; however, the Pt/MFG-H catalysts obtained higher frequencies due to the support capacitance. The physical characterizations (XRD and XPS) and electrochemical responses, mainly cyclic voltammetry in acidic media and the ferri/ferrocyanide couple, of the 2-D Pt/MFG-H were compared to the representative 2-D Pt supported on treated highly orientated pyrolytic graphite (Pt/HOPG-H), in order to make assertions on the similarities between the two catalysts. The XRD diffraction patterns and the XPS valence band structure for the treated and untreated MFG (-H and -P, respectively) and HOPG (-H and -P, respectively) demonstrated similarities. Nevertheless, the cyclic voltammograms and peak positions of the ferri/ferrocyanide couple between the treated and untreated MFG and HOPG catalysts were dissimilar. However, EQCN may be used qualitatively between the two different 2-D catalysts since the same trends in electrochemical responses before and after treatment of the MFG and HOPG catalysts were seen. Hence, the EQCN technique can be used in future studies as an alternative method to study degradation mechanisms of Pt and carbon for PEFCs.
Introduction
Electrochemical quartz crystal nanobalance (EQCN) is a powerful tool to study interfacial electrochemistry phenomena [1, 2] . This technique allows for conventional electrochemical techniques, such as cyclic voltammetry (CV), chronoamperometry (CA), and other potential sweep methods to be used in parallel with the detection of nanogram mass changes [3] [4] [5] . This leads Student poster presentation at the ECAT2016 Symposium Electronic supplementary material The online version of this article (https://doi.org/10.1007/s12678-017-0430-6) contains supplementary material, which is available to authorized users.
to detail study of electrochemical surface reaction mechanisms, deposition rates, and roughness effects [5] [6] [7] . The technique has been shown to be particularly useful in sensor applications, as its sensitivity allows for small mass/concentration changes in a system to be easily detected [8] [9] [10] .
Much of the research in the electrocatalysis field has not been able to make use of this powerful tool as real-world catalysts cannot easily be applied to a quartz crystal resonator essential for EQCN experiments. Fundamental research, such as the work conducted by Jerkiewicz et al. [11] [12] [13] , has focused on using the EQCN technique to model a carbon supported platinum (Pt/C) electrocatalyst as a bulk polycrystalline Pt (Pt poly ) catalyst. While this gives critical insights into the surface reaction mechanisms on Pt, it excludes the metalsupported interactions between Pt and carbon. However, little work has been published with regard to modifying a quartz crystal resonator for more applied investigations into the interfacial electrochemistry occurring on supported platinum nanoparticles and the electronic interaction between Pt and carbon in a Pt/C electrocatalyst.
Some attempts have been made at depositing a Pt/C ink onto a gold-coated quartz crystal [14, 15] . However, these systems are difficult to calibrate since precise loadings are required to ensure that the quartz crystal oscillations are not drastically different from measurement to measurement.
Before directly studying Pt anchor sites on carbon by EQCN, we first need to consolidate the above by showing that we can directly compare two different 2-D model Pt/C catalyst systems, such that the stability (and hence anchoring) of Pt on the support can be investigated by EQCN. The model system of the realworld catalyst (e.g., Pt supported on Vulcan) is represented by Pt sputtered onto basal plane oxygen terminated highly orientated pyrolytic graphite (HOPG). The system of comparison is a mirror-finished graphite (MFG) quartz crystal resonator, onto which Pt has been sputtered. The MFG undergoes the exact same surface oxidation treatment as the HOPG, such that the two catalysts can be directly compared. The aim is to obtain similar electrochemical responses on the MFG as HOPG, using conventional electrochemical methods, such that we can include EQCN measurements in future studies. This report studies the physical characteristics of the two systems, namely, the crystallite size, crystallography, surface functional groups, and electrochemical responses via cyclic voltammetry in acidic media and the ferri/ferrocyanide couple [16, 17] .
Experimental
All electrochemical measurements were conducted using a Bio-Logic SP-200 potentiostat. EQCN measurements were conducted using a Seiko EG&G QCM922A, in a home-built Faraday cage and vibration free table. The packaged EC-Lab v11.10 software was used to control both instruments.
Electrodes
A custom-built, two-compartment cell was used and cleaned by submerging in NOCHROMIX® (Godax Laboratories, Inc.) overnight. A Teflon™ quartz holder houses the planar quartz crystals cut in the AT orientation, in the vertical cell orientation as described by Jerkiewicz et al. [18] . An AT-cut quartz crystal was coated with a 100-nm Ti layer, followed by sputtering of approximately 300-nm Pt layer to form a Pt-coated quartz crystal (PQC). Alternatively, a 300-nm carbon layer was sputtered onto the 100-nm Ti layer on the quartz to fabricate a MFG quartz crystal with a roughness of 60 nm. The base resonant frequency was 9.00 and 9.13 MHz for PQC and MFG, respectively. All quartz crystals were supplied by Bio-Logic.
The working electrode for the conventional system consisted of 1 cm 2 , 200-μm-thick HOPG disks (Optigraph GmbH, Berlin). This was attached to a conventional glassy carbon (GC) electrode using a carbon-Nafion® (Ion Power) paste. The HOPG surface was modified by refluxing in Fenton's reagent for 24 h at 80°C [19] . The hydroxylmodified HOPG is referred to as HOPG-H, with the pristine HOPG samples referred to as HOPG-P. Pt was then deposited onto the modified and unmodified surfaces at a loading of 20 μg cm −2 by DC magnetron sputtering (PVD Products, USA). This was accomplished by using a Pt sputtering target (1.5″ diameter × ) of Pt was calibrated as described by Falch et al. [20] . The substrates were positioned onto a stainless steel tray that slots into housing fitted with a computer-controlled XY motor below a fixed aperture, allowing for dedicated sputtering of individual samples. Similarly, the aforementioned procedure was used to prepare surface-modified MFG and deposit Pt. The hydroxyl-modified MFG is referred to as MFG-H and the unmodified MFG is referred to as MFG-P. In this instance, a dedicated stainless steel tray was manufactured in-house to deposit Pt on the MFG samples in an evenly spaced manner within the sputtering apparatus.
A reversible hydrogen electrode (RHE) using Pt foil (Alfa Aesar, 99.99%) was used as the reference electrode and a Pt mesh (Alfa Aesar, 99.99%) as the counter electrode.
Electrochemical Testing
Prior to conducting electrochemical measurements on HOPG and MFG, cyclic voltammograms (i vs E) of polycrystalline Pt were measured in aqueous 0.5 M H 2 SO 4 prepared from 99.99 wt% H 2 SO 4 (Sigma-Aldrich) and 18.2 MΩ cm nanopure water. All measurements were carried out at room temperature and under an inert Ar atmosphere (99.99%, Air Products). The electric potential was cycled between 0.05 and 1.50 V vs RHE to ensure cleanliness and reproducible functioning of the electrochemical setup.
To confirm the oxidation of HOPG by various treatment methods and changes in the electronic states of the carbon, CVs using the ferri/ferrocyanide redox couple were run. A solution of 1 mM K 4 Fe(CN) 6 (Sigma-Aldrich) in 1 M KCl (Merck) was prepared. The electric potential was cycled between 0.00 and 1.20 V vs RHE at scan rates of 100, 75, 50, 25, and 20 mV s −1 , of which we only report on the scan rate at 50 mV s −1 here. See Fig. S1 and S2 for current responses for all scan rates and summaries of ΔE p and peak current density (j p ) as a function of scan rates. Similarly, this was applied to the MFG system and the two systems were compared. Because this involves an inner-sphere electron transfer reaction [16, 17] at the electrode surface, frequency vs potential data were not collected.
Physical Characterization
X-ray diffraction (XRD) measurements were taken using a Bruker D2 Phaser in the Bragg-Brentano geometry with a Co anode (l = 1.79026 Å), primarily using a 2θ range of 20-90°with 0.0274°steps. Samples were placed in a zero background sample holder and the sample was placed such that they were in line with a straight edge across the holder. The measurement was repeated at various angles (Φ) about the vector normal to the sample surface. Room temperature X-ray photoelectron spectroscopy (XPS) measurements were carried out using a monochromated Al source (1487.1 eV) and a SPECS PHOIBOS 150 hemispherical electron energy analyzer. The overall experimental resolution was approximately 0.6 eV for all spectra. Some of the spectra were acquired on a KRATOS-SUPRA spectrometer at UNISA (Florida Science Campus, South Africa), using a monchromated Al source (1486.6 eV) having a base pressure of 1.2 × 10 −8 Torr. The surface of all samples was cleaned with a short cycle of Ar ion sputtering. This ranged from 30 to 120 s, with measurements taken at various intervals.
Results and Discussion
Physical Characterization XRD measurements showed reproducible peak shapes across the lateral position of the various carbon substrates. The patterns were independent of the orientation about Φ, by considering the reproducibility of the peak shape and intensities (e.g., HOPG-H (d)-(f) peaks in Fig. 1 ), which shows that the scattering vector was normal to the surface (Fig. 1) .
Furthermore, the MFG graphitic peaks around 31°2θ are shifted to a larger angle compared to the HOPG samples, suggesting a slightly smaller d-spacing. This was accompanied by narrower peak widths relating to a larger crystallite size. Relative crystallite sizes were estimated using the Scherrer equation [21] , as seen in Table 1 . Absent peaks in the MFG samples suggest a preferred orientation, while this does not appear the case for the HOPG samples with which they were compared. Furthermore, the peaks indicated by * suggest small quantities of nitrogen and oxygen within the carbon lattice.
XPS measurements confirm the results seen in XRD, with a sharp C 1s peak observed in the survey spectra (Fig. 2) . There was minimal nitrogen and oxygen present in the [22] . Based on the valence band data displayed in Fig. 3 , all samples have similar densities of state (DOS) near the Fermi level (E F ) as indicated by the overlay of the spectra in the inset. However, MFG-P does have a more pronounced O 2s band at 21.9 eV, suggesting that this graphite moiety is covered with larger amounts of surface carbonyl groups as stated in other studies [23] [24] [25] . This observation is further supported by the broadening of MFG-P's C 1s spectrum towards higher binding energies shown in Fig. 4 .
Electrochemical Results

[Fe(CN) 6 ] 4−/3-Redox Couple for Carbon Substrates
The CVs of the ferri/ferrocyanide redox couple were studied for different graphite substrates, shown in Fig. 5 . Control substrates of GC, HOPG-P, and MFG-P were studied to create a baseline to which surface modifications and Pt depositions can be compared. From the corresponding CVs, an estimated electrode capacitance (C) [26] was determined, and the rate constant, k 0 , using Nicholson's method [27] . Unmodified, pristine HOPG surfaces show slow rates of electron transfer for the [Fe(CN) 6 ] 4−/3-couple. This has been postulated by Cline et al. [17] to be due to a lack of surface reactive sites as the basal plane of HOPG, which is not a suitable electron transfer structure. With the introduction of surface disorder, i.e., by surface treatment/oxidation, there is a significant increase in the rate constant as indicated in Table 2 [16, 17] . Furthermore, as seen in Fig. 5a , the broadening of the HOPG-P peaks (E p,a and E p,c ) and deviation from the classic "duck bill" shape suggest that there are few sites for adsorption for the ferrocyanide ion and subsequent electron transfer.
The HOPG-H substrate shows a fourfold increase in capacitance over HOPG-P (Fig. 5a ). This is a similar capacitance value observed as for GC. This increase is most likely due to decreased conductivity of HOPG-H. However, since the resolution of the Al X-ray source is too low to see such small changes in the near-E F electronic structure, it is speculated that the process of oxidizing HOPG exfoliates a few layers of graphite from the surface while the hydroxyl radicals bond to the surface. The fact that HOPG-P and HOPG-H show very similar XPS spectra after Ar ion sputtering is evidence that only the very top few atomic layers of HOPG participate in oxidation.
Contrary to HOPG, as shown in Fig. 5b, d , the large increase in capacitance is not seen for the MFG-H samples as seen between HOPG-P and HOPG-H. Although not well understood, it is postulated that the surface orientation of the graphite is slightly different from HOPG, as seen in XRD, and thus less hydroxyl radicals react with the surface. What is clear, though, is that HOPG-H and MFG-H show increased electron transfer rates over their HOPG-P and MFG-P counterparts. Binding Energy (eV) Normalised Intensity (a.u.) 
Electrochemical Response of Pt-Supported Carbon Substrates
A loading of 20 μg cm −2 Pt was deposited onto the various carbon substrates as described in the "Electrodes" section. CVs in an acidic medium were recorded for characteristic Pt electrochemical response and CVs in ferri/ferrocyanide were recorded and compared as in the "[Fe(CN)6]4-/3-Redox Couple for Carbon Substrates" section.
As expected with the deposition of Pt, the capacitance of the samples decreases. From Fig. 6a HOPG-P20 and MFG-P20 (20 μg cm −2 Pt deposited), the Pt CVs indicate similar responses, with the only appreciable difference in the oxide formation region. The onset of oxide formation is shifted to higher potentials in MFG-P20, indicating that this graphite moiety may have larger Pt nanoparticles deposited and is more oxophilic [28] . However, Fig. 6b seems to suggest that the Pt layer may be shielded (i.e., implanted in the graphite matrix), as there is larger current contribution from graphite in the [Fe(CN) 6 ] 4−/3-redox couple. The greater surface roughness of MFG as compared to HOPG supports the above hypothesis and supports the reasoning that inner-sphere electron transfer is taking place, as opposed to outer sphere electron transfer. The ill-defined Pt Hupd (0.0-0.4 V vs RHE) region and larger ΔE p (Table 2 ) is a clear indicator that Pt plays less of a role in electron transfer than what is suggested by the current response in acid. Similarly, for the peroxide-treated equivalent samples (Fig. 6c, d) , the above trend is observed. Furthermore, the tilting of HOPG-H20's current response in acid (Fig. 6c) is indicative of decreased conductivity within the support.
Frequency Response of Pt Supported on Carbon Substrates
While the above has shown that Pt/MFG has a typical current response for Pt in acid media, its frequency response needs to be compared to a baseline of Pt poly -coated quartz crystal. The frequency response curve of Pt poly has been well documented by Jerkiewicz et al. [4, 11-13, 18, 29, 30] over the years, and an accurate reproduction of the standard Pt frequency response serves as the basis of validating the EQCN setup. From Fig. 7 , a frequency response for Pt poly over a range of 0.0-1.5 V vs RHE shows a frequency change of approximately 25 Hz, which is in good accordance to that reported by Jerkiewicz et al. [12] and Kim et al. [30] .
Measuring the frequency response of MFG-H20 against Pt poly , a clear similarity between the two catalysts can be seen, but a larger Δf response versus potential in the graphite substrate is observed. This is to be expected, as the surface of MFG-H20 has a significantly larger capacitance than Pt, hence a larger effect of ion attraction and repulsion from the surface influencing the response as discussed by Jerkiewicz [12] . This is further substantiated by the wider hysteresis in the Pt Hupd region of the Pt/MFG-H, showing a reliable depiction of the electrochemical surface phenomena on Pt. Thus, we can have shown that we can reliably study Pt/MFG-H by EQCN.
Conclusions
From these preliminary results, it is shown that the behavior of the carbon substrates is in good agreement with each other based on XRD diffraction patterns and XPS valence band structure data. The electrochemical surface response is different and was attributed to the orientation of the graphite crystal facets, as the ferri/ferrocyanide redox couple is very surface sensitive. However, the electrochemical response of the ferri/ ferrocyanide couple was in good agreement with the larger graphite crystallite size recorded by XRD. Furthermore, the k 0 and capacitance of the MFG, catalyzed and uncatalyzed, increases after surface modification. This is in accordance with the trend seen between modified and unmodified HOPG, and thus serves as a basis of comparison. Based on these findings, HOPG and MFG samples are structurally comparable, and their electrochemical behavior, while not identical, follows similar trends after modification.
In the case of Pt/MFG, the electrochemical surface response is less comparable to Pt/HOPG when probing with the ferri/ ferrocyanide redox couple, but is similar in acidic media. It is j (mA.cm postulated that the marginal physical surface differences in the MFG from HOPG are amplified by the deposition of Pt due to a more pronounced implantation of Pt into MFG than into HOPG. Work is ongoing to better understand why this difference occurs and to determine the influence of the Pt deposition and surface oxidation. More interestingly, Pt/MFG-H shows the expected frequency response curve shape, although further investigations are needed to better understand the repulsion and attractive forces that result in a higher physical frequency response.
Overall, the early results obtained for HOPG and MFG samples with Pt deposited are qualitatively comparable. With the EQCN analysis, we show that we have not changed the resonance of the quartz crystal and we can prepare samples using the MFG substrate as we do for HOPG. The EQCN technique may now be used to better study Pt nanoparticles supported on a carbon substrate and tentative inferences made to practical 3-D applications.
